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SUMMARY

An enalysis is presented of the factors determining the power
efficlency of radiation thermopiles of that type in which the recelvers
consist elther of parts of the conductors themselves or of coatings or
other electrically insulating materials in intimate contact with these
conductors. On the basis of thls anslysis, which is applicable to
thermopiles of a wide variety of constructions and materials, criterlons
for maximum power efficiency can be calculated. Such criterions are
obtained for silver-constantan plated—type thermopiles. The design
and construction of thermopiles in accordance with these criterions are
described, and test date are reported, showing agreement between actual
and predicted performance .

It is shown that an approach to meximm power efficiency in a
thermopile can be realized independently of 1ts resistance over a wide
range. Within this range, therefore, maximum sensitivity in a thermo—
pile to be used with a particuler galvanometier or other measuring or
controlling device can be obtalned by designing simultansously for
maximim power efficiency and for whatever value of resistance is required
to produce proper damping, to provide maximum power transference, or to
satlsfy somes other criterion.

Calculations are presented for silver—constantan Junctions which
indicate that it is theoretically possibls to obtain, with thermopilss
of the type analyzed, about 80 percent of the voltage produced under
equivalent conditions by an {deal thermopile in which the conductors
lose no heat by radiation or convection.

INTRODUCTION

The preceding report of this series (reference 1) described the
construction of the thermopile radiomester and 1its use in the study of
problems irwolved in heating airplane cabina. The purpose of the
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investigation herein reported was to design and construct, for use in
such radiometers, thermopiles retaining the advantages K of those already
avellable in the Spectroradiomstric Laboratory of-the Division of
Mechanical Engineering of the University of-California bubt-possessing
greater sensitivity and smaller size. The available thermoplles, which
are constructed of silver-plated constuntam wire as previously described
(reference 2), have been found reasonably satisfactory in the applications
mentioned wlth respect to mechanlcal ruggedness, drift compensation,
quickness of response, and especlally nonselectivity with respect to wave-
length. In order ‘to achieve this nonselectlivity, the receiver has been

so placed as to receive the radiation to be measured prior to any reflec—
tion and, as is also necessary, the thermoplle is operated in alr in
order to avold selectlive filtering by the envelope of an evacuated chamber.

Analysis permitting design calculations to obtain highest sensi—
tivity has previously been carried out for but one type of thermoplle
(see, for example, references 3 to 6) — that type in which one or more
recelvers make contact with the conductors only at their Junctions.

The difficulties encountered in bullding thermopiles of this type and

the great labor involved when many Juncilions are required have stimmlated
a number of workers to invent novel designs and methods of construction.
In most of these designs the comiuctors themeelves, or electricelly
Insulating meterials, usually radlation-sbsorbent coatings, in Intlmate
contact with these conductors, act as receivers of the radiation to be
measured. (See appendix A.)

A conslderation of many possible designs and methods of construction
1ed to thes conclusion that the purposes of this investligation were most
likely to be reallzed by thermoplles of the type mentioned last. The
performence of thermopiles of this general type was therefors analyzed
in order to determine the design relations requlired to obtain maximum
gensitivity. No such analysis has hitherto been published, although
interesting calculations have been presented with respect to thermo-—
couples of a lesa general type subJected to periodic irradlation
(reference 7).

This program of research in the Spectroradiometric Laboratory of
the University of California was conducted undsr the sponsorship and
with the financial assistance of the National Advisory Committee for
Aeronauticsa.

The authors wish to express their appreciation to Mr. R. W. lLockhart
for making many of the computations, and to Mr. E. H. Morrin for his
criticisms and suggestlions.
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ANALYSIS, DESIGN, AND TEST PROCEDURE

A thermoplle, when used to convert radiant energy Into electrical
energy for purposes of measurement or control, is shielded, generally
by a housing (see appendix F), so that the radiation intended to be
effective in producing a temperature difference between slternate
Junctions falls on a definlte area, the front surface of the recelver.
If the cold Junctions are in thermal contect with structures of
relatively large thermasl capacitance, the thermoplile 1s sald to be
uncompensated; if, on the other hand, both hot and cold Junctions are
similarly constructed and disposed, except that the equivalent of ths
recelver area at the cold Junction 1les shielded from the radiation
mentioned, the thermoplle is sald to be compensated. In a compensated
thermopile, both sets of Junctions are simlilarly affected by, and hence
the thermopile response remains relatively independent of, changes in
alr temperature as well as, to some degree, uncontrolled radiation.

Analysis of System

Figures 1 and 2 illustrate a single thermocouple of an uncompensated
and a compensated thermopile, réspectively, of the type considered, in
which parts of the conductors, or of the coating or binding materials
which may be assoclaeted with the conductors, serve as recelvers. The
system analyzed 1s further defined by the 14 postulates listed in
appendix B. These postulates, or in some instances their more simple
consegquences, may be summarized as follows: The thermopile is uniformly
irradiated on all its surfaces (1deal raidiation at housing temperature
in thes case of the uncompensated thermopile) except that the front
surface of the receiver is subJected, in addition, to irradiation G*;
there is no temperature gradlent in a conductor, or in the coating or
binding materials assoclated with 1t, in a direction perpendicular to
1ts length, and all conduction of heat in a direction parallel to 1its
length i{s through the metallic conductor 1itself; a linear relation
exists between thermopile surface temperature and the power loss due
to convection and radiant emission; this linear relation for the average
power loss per unit area around, or on both sides of, a conductor 1is
uniform over the entire thermopile; ani a steady state of heat flow
exists.

Derivation of Equations to Determine Junction Temperatures

A necessary step In the analysis of the relations bstwsen the
electrical output of a thermopile and its design is the expression of
the temperature difference between the hot and cold Junctions of a
single thermocouple in terms of the many factors on which it depends.
Such an expression is derived in appeniix B for an uncompensated
thsrmocouple in the following manner: Appropriate substitutions are
made in s general equation for heat flow and temperature distributlion



along & uniformly irrediated fin (etrip or rod), the ends of which are at a specified temperature, Iin
order to obtain separate equations for the portions of the conductors of figure 1 between cross
sections 1 amd x, x end h, h and y, y and 2. Upon equating the rates of heat flow at crose
sections x, h, and y for the two portions of conductor which meet, in each case, et these

cross sections, solving the resulting simmltaneous equations, and setting ty = tp =0, the

temperature of the hot Junction is obitained as follows:

4 = @E&linh py — {coth p)(coeh py — 1}] + [sinh qx — (coth q)(cosh qx — 1)] (1)
\/E coth p + coth g

For definitions of the terms of this expression, see appendix G.
It 15 shown in'sppendix B that (% — t,) for the compensated thermocouple (fig. 2) is independent

of alr temperature and 18 given by the same expression (equation. (1)). The temperature difference
between junctions 1s thus the same for a compensated and an uncompensated thermocouple in which the
conductor lengths of the formsr are twlce that of the latter. (See figs. 1 eni 2.) It therefors
follows that for every uncompensated thermopile a compensated one can bs designed having the same
recelver area and producing the sams electromotive force but having double the electrical reslsiance.

Power Efficiency and Tts Relatlon to Maximum Sensitivity

Power efficlency is defined as power output divided by power input. The power ouiput of a
tharmopils, in watta, 18 expressed as follows:

{Current)* Resistance of load)

&=

OSHT "ON NI VOVN
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The following substitution may be made:

Current = Electromotive force
" Resistance of load + Resistance of thermopile

Further, let

2 = Resistance of thermopile
- Resistance of load

The power output then becomes:

(Electromotive force)2 z
Thermopile resistance - (1 + z)2

or, for a given value of z, the power output is proportional to the
term:

(Electromotive force)2
Thermoplle resistance

The electromotive force is a linear function (see-next section)
of G', which is the difference bstween that fraction of Go (the

radiation entering the housing opening and incident per unit area of
.receiver surface) absorbed by the recelver surface and that fraction
of Gg which must be absorbed to produce equality of hot and cold

Junction temperatures. A reasonable expression for power input is
then:

]
97 X Recelver ares
a

o =a T T e s A —m—— T TN T ——

where o' is the emissivity (absorptivity) of the receiver surface to

radlation from the source of interest, and S% is, therefore, the power
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from this source thet must fall on the unit area of the receiver surface
in order that the amount G' may be absorbed. An expression proportional
to thermopile efficlency on these bases is then:?!

o= (Electromotive force)a/Thermgpile resistance (2)

GI
or X Receiver sres.

The value of x 18 the same for a complete thermopile of the type
considered as for one of its thermocouples considered separately, since
n thermocouples in a series connection will have n times the electro-
motive force, resistance, and recelver area of a single thermocouple.

It will be shown in the next section that = 18 composed of two
factors, the first of which 1s & functlion only of the thermal, electrical,
and thermoelectric properties of the materials used, the emissivity of
the receiver, the values of f' and B, (see symbols in appendix G),
and the magnitude of the irradiation G!', whereas the second factor T
depends on the geometry of the design. If ' 1is independent of thermo—
pile resistance it must be maximized, through proper geometrical design,
in order to attain optimum thermopile sensitivity in any application
whatsoever. It will be shown that maximum I may be approached
independently of certain variables, such &8 wire size, and that these

1he emissivity a' 18 not necessarily equal to o (see appendix G)
as, for example, when the source occuples only a small part of the
aree. "viewed" by the receiver surface through the housing opening or
when the radiation from the source 1s projected through filtering
materials which themselves act as subsidlary sources. When o' and a
are not equal to €, an estimate of the intensity of the radlation of
interest may be obtained from the difference between thermopile response
when the source is present (reeding 1) and the response when the source
is absent, but the other components of radiation Gg are altered as

little as possible (reading 2). The input of interest is then
[;%(G' from reeding 1) — (G' from reading 2{], and the electromotive

force of significance is, similarly, the difference betwesn the electro-—
motive forces of the two resdings. Since G' and the electromotive
force are linearly related (see appendix B), it is merely necessary in
guch cases tc substitute the difference between the two values of G

in place of G' 1in equation (2); the electromotive force remains that
produced by the absorption, per unlt area of receiver, of power equal

to this difference.
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variables can be chosen so as to obtain, within certain limits of
practicallty, any deslired resistance. A thermopile of the type under
consideration and of given receiver area may therefore be designed to
have maximum sensitivity in a given application by:

1. Chbice of materials possessing the most favorable thermoslectric
and radlation-ebsorbing properties

2. Consideration of the possibllity of minimizing the values of f?
and B 1n order to increase the temperature difference
between hot and cold Jjunctions

3. Maintenance of the relations for meximizing T
4, Designing for optimum thermopile resistance

The optimum resistance, when I' is independent of resistance, is a
function of only the electriczl measuring instrument employed and, in
some Instances, the conditions of use. Thus if a galvenometer of the
Thomson type is to be employed, the optimum resistance is that of the
gelvanometer coil; if a particular potentiometer is to be used, the
best resistance may be that for which the smallest unbaslance thet can
be reed on the voltage scale produces a Just—perceptible deflection of
the balancing galvanometer; and if a galvanometer of the D'Arsonval
type 18 to be used, the best resistance may be that providing critical
damping although, in some applications, the use of 2 lower resistance
glving greater deflectlons can be Justified.

Power Efficiency in Terms of Properties of Materials ‘

+

and Thermocouple Dimensions

The following substitutions can be made in squation (2) as applied
to & single compensated thermocoupls (fig. 2):

Receiver area can be replaced by the expression w(xa + yb) which,
xq , Y. ¥
in turn, equals ‘<ma + o ma.(xq + VR n)

Electromotive force can be replaced by the expression:

e - —

ce (t'h,l = th,?,)

where e 1B the thermoelectric power for the two materials snd c¢ 1is
a8 factor which allows for reduction in voltage (in conductors of the
plated type) due to clrculating currents In the plated conductor. It
is shown in appendix C that:
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R~D

C B m———
R-—-D + Ds

where D 1s the ratio of the cross—sectional area of the core of the
plated conductor to that of the unplated conductor, and R 1is the
ratlo of the thermal conductance per unit 1ength of the plated con-—
ductor to that of the unplated conductor.Z

The term (th 1~ th 2) in the expression for slectromotive
2 2
force may be replaced by the right-hand side of egquation (1).

An expreesion to replace thermopile resistance in equation (2),
applied to a single compensated thermocouple, may be derived as follows:

Resistance of compensated thermocouple

= Resistance of conductor a + Resistance of conductor b

- 28 2'b
ca.] [a c'bAb

but

ch'b CBAB DcG.A&. kBA
msc—az-i-—a;-x‘: BkaAa+D=—(R D+BD)

Therefore this expression becomes:

Resistance of compensated thermocouple

a2 la 4 L.
Cafa|l AR -D) +D

2The ratio of cross—sectional area of the core of the plated con—
ductor to the cross—sectional aree of the unplated conductor D
ordinarily is equal to 1 (for plated—type construction) or O (for other
types of construction). The writers are indebted to Mr. J. E. Gullberg
for the suggestion that the portions of conductor to be plated might
first be reduced in cross section electrolytically. When this is done,
0<D<K1.



If the various substitutions just described are made in equation (2) and if, in addition, maa is

repleced by Bt and H 18 replaced by G the following is obtalmned:
Kok A
2
a'G!eaca VR—Einh py -~ (coth p)(cosh py -—l):l + [(sinh qx) — (coth g){cosh qx — 1)]
£ = )
2k, I*B VR coth p + coth q
R~D 2
(53a)
X T (3a)
@ *R-D+ B]D(qx +VE 1)
2
alGte C
‘- ___akaf@m (3)

For an uncompensated thermocouple the resistance is halved, and x 1s therefors greater
by a factor of 2.

Design Relations for Maximum Power Efficiency

The firet term in parentheses in equation (3a) depends on the materials used and on the
megnitude of the irradistion; it indicates that power efficiency varies directly with-the irra-
diation, with the ratio of electrical to thermal conductivity of ons of the metals (that of the
othsr metal entering in the term ), with ths »eceiver abmorptivity and the square of the thermo—
elsctric powsr (Peltler affsct being nsglectsd) and inversely with f snd with the averags over—
all unit thermal conductance. The remainder of the expression, I', which is dimensionless, can
be maximized for & given value of 8 In terms of the six variables contained. From physical

OGHT "ON NI VOVN
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considerations it is clear that the smaller D 18, the greater the
efficliency becomes; hence, the degree of core reduction prepesratory to
plating should be resiricted only by constructional considerations.

It appeared to be toc cumbersome to maximize ' by the method
of solving simmltaneously the five equations obtained when the partial
derivatives with respect to p, q, x, ¥y, and R are set equal to
zero. Resort was had, therefore, to trial-end—error solutions, s
being taken as 0.62 (a value appropriate for silver and constantan)
and D as 1 (corresponding to plated comstruction with no reduction
in cross—sectional area of the core). If metals having a different:
value of 8 are to be used, or if core reduction or unplated con-
struction 1s to be employed, new trial-and—error solutions are required.

For the values of 8 and D selected, it was found that T,
and hence the efficlency, continuously increases with R (the ratio
of the thermal conductance per unit lengtih of the plated conductors to
that of the unplated conductors), but that the gain from increasing R
above a certain value is slight. The thickness of plating corre—
spondiing to large values of R may be constructionally undesirabls or
difficult to achleve; consequently, optimum values of the other four
variables are given for a number of values of R. These results are
presented In the curves of figure 3.

The term I’ 1s the same for different thermoplles having the
same velues of p, g, X, ¥y, 8, D, and R, and a consideration of
the definitions of these terms leads to the conclusion that the optimum
length of a conductor for given values of &, B, D, and R varies
directly as the square root of its thicknéss and of its thermal
conductivity, and inversely as the square root of the average unit
thermal conductance for heat loss by convection and radiation. Con—
ductors may be made very thin in order to increase the speed of
responss and, provided they are also shortened so that the values
of p and q are unaltered, the efficiency will not be lowered.

In a thermoplle of given receilver area, thermoelectric materials,
and value of f', the resistance is not fixed by the relations which
maximize I'. For example, if the conductor thickness 1s decressed
the required decrease in conductor length is proportionately less;
the consequently greater resistance per thermocouple and the greater
nunber of thermocouples required for a glven recelver area both act
to increase total thermoplle resistance. If the conductors are flat
strips, the resistance may be changed without alteration of recelver
slze or shape by simultaneocus alteration of the conductor width and
number. If the space between conductors is occupled by electrically
insulating material of low thermal conductivity (as in the thermopiles
of different design to be discussed in a later section) an increase in
spacing will require a decrease in conductor length,and the net effect,
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for given receiver area, will be a decrease in resistance. AdjJacent
wires, however, must be relatively close or the efficiency will decrease
because of departure from postulates 1 and 2 (appendix B). In plated-—
type construction the resistance and conductor length can be conslderably
modified, with only a slight change in efficiency, by alteration of the
thickness of plating and thus of the term R. The electrical connection
of groups of thermocouples in series—parallel arrangement also permits
control of resistance, with efficiency constant, in relatively large
steps.

The maximim value of resistance for glven receiver arsa obtainable
without loss of efficiency by these varilous procedures 1s limited only
by constructional considerations or by the deterioration of thermo—
electric properties of metals to be expected in very thin films. There
is, however, a theoretical minimum of resistance for glven thermo-—
electric materisle and values of f' and R — that of a single thermo—
couple designed to provide the total glven recelver area.

Comparison of Power Efficilency of Thermopiles Analyzed Herein
with That of Conventlional Thermopiles

Probably the most efficient radiation thermoplle is the ldealized
one analyzed by Johansen (references 3 and L), in which it is postu—
lated that the receiver is at a uniform temperature and that the con-—
ductors lose no heat by radiation or convection. The ratio of the
power output of a thermopile of the type treated in the present report
to that of the idealized Johansen type provides, therefore, an index
of the degree to which the efficiency of the former approaches the
theoretical maximum.

This index will be greatest for unplated construction (D = 0),
but since design optima have been worked out for plated constructilon,
the ratio hes been computed for this slightly unfavorable condition
at a value of R (a measure of the thickness of plating) of 25 and a
value of B of 2. The index can then be determined on assuming
equality of the irradiation, receiver area, average unit thermal con—
ductance, and thermal and electrical conductance of both metals,
except for a slight and complex dependence on the value of s (the
ratio of the thermal conductivities of the two metals divided by the
ratio of their electrical conductivities). Since design optima have
been determined for silver and constantan for which s = 0.62,
computations of the index are made for this value. This is not very
different from the ratio 8 for other commonly used metals, as, for
example, iron end constantan (0.73), or bismith and 95 — 5 percent
bismth~tin (approx. 0.6%).
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The computatione presented in appendix D show that the Index in
theass conditions is 0.63. This result indicates that thermopiles of
the type treated in this report can be expected, under the conditions
mentioned, to produce 0.63 times as much electrical power output,
and 0.80 times as much voltage for equal reslistance, as those of the
Joh=znsan type.

If a tharmopile of the Johansen type is operated in air, the hsat
lost by convection from the conductors 1s not negligible; in fact,
Cartwright (reference 6) estimates that the loss by convection from
zoniuctors may be greater than that from receivers directly. The
highest obtainable efficiency of thsrmopiles of the Johansen type may
therefore be no greater or actually be less than that of thsrmopiles of
the type consldered in this report when both are operated in alr, as is
ordinarily necessary if the selective filtering of an evacuated envelope
i1 to bos avalded. '

Speed _of Response

Ro calculations are presented in regard to speed of response since
the immadiate requirements which led to this investigation were not
very critical In this respect. Experience with thermopiles constructed
(as described in appendix E) of silver-plated No. 40 constantan wire
and mounted in falirly heavy, high-conducting housings indicates that
satisfactory voltage equilibrium is generally achleved 1ln about
60 seconds. In general, the attalnment of quick response in radiation—
measuring thermoplles requires a low ratio of the thermal capacitances
per unlt area of receiver ani conductors to the value of f%; howsver,
in some tharmopiles ths heat capaclty of supporting or surrounding
structures 1s more serious than that of receiver or conductors. In
order to approach or exceed, with thermopliles of the type analyzed in
this report, the quicknesa of thermopiles of conventional type with

receivers of gold leaf 10~ centimster in thickness (reference 8),
conductors of the same order of thickness must be used. Conductor

thicknssses of a micron (lo'hcm) or less have besen achleved by rolling
(references 9 and 10), by electroplating (references 1l and 12), end
by sputtering or evaporating in vacuum (references 13 to 15). The
procedures presented in the present report for maximizing I' are also
applicable to thermopiles constructed by these techniques.

Applicatlon of Formulas _ .

It was desired to produce a compensated, plated silver—constantan
thermopile to have high output and to:

1. Be mounted in a tubular housing of %-—inch inside dlameter with

clearances of approximately é%—inch.
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2. Be operated in air so as to avoid the selective filtering of an
evacuated envelope.

3. Have a resistance sultable for use with a Leeds and Northrup
type 8662 potentiometer. (Since 1t provides critical damping and an
easlly perceptlible galvanometer deflection for the smallest voltage
unbalance that can be read on the dial, 80 ohms is a preferred value.)

Tne construction adopted 1l that of a spaced coil made self-—
supporting by a plastic-filler between the turne of wire. The method
of fabrication is described in appendix E. By making the coill, in end
view, in the form of an isoceles trapezoid (fig. 4), a maximm receiver
area can be accommodated in a given tube, and no shleld is required
within the housing to restrict irradiation to the proper length of
conductor. It is also an advantage that the inside dlamster of the
housling is limited only by the dimensions of the receiver ares.

The length of each conductor exposed to irradiation is (xa + yb),
where:

a (half length of each unplated conductor in & compensated
q

VBWE flgAg

b (half length of each plated conductor in a compensated

R
\BWE ' flkgAg,

The values used in the computations are as follows:

thermopile) =

thermopile) =

8 for constantan and silver is taken as 0.62.
f' 1is estimated to be about 2 Btu/(hr)(sq £t){°F) for surfaces
of the dimensions and characteristics concerned. This value
is a 1little more than twice that due to radiation losses alone.

B 1s taken as 2, a value appropriate for a strip which does not
lose heat at its edges. el

k, for constantan is taken as 13.1 Btu/(hr)(sq £t)(°F/ft).

w was taken tentatively as 0.000603 foot, corresponding to
138 turns per inch.

P, 4y, X, and y are given for a range of values of R in figure 3.
A for No. 40 B. & S. wire 18 5.39 X 10_8 square foot.

The optimum length of conductor (xa + yb) +to be exposed to irradiation
was next computed for four values of R, 12, 10, 9, and 8, and found to
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be 0.84, 0.78, 0.75, and 0.63 inch, respectively. All of these lengths
are greater than the length of a side of the largest square (0.57 in.)

that will fit into a circle of -%g-—inch diameter.

The followlng alternatives are possible:

1. No. 40 constantan wire and an R value of 8 may be used if the
receiver surface forms a rectangle of 0.64 by 0.50 inch. A rectengle of

these dimensions will fit into a circle of %%3-1nch dlameter and has an
area sbout 3 percent less than that of the 0.57-inch square.

2. Wire of smaller diameter could be used. This would permit the
use of a square receiver having 3 percent greater arsa than that of the
rectangle, also a higher value of R, and a consequently slightly
increased value of I'. The output would thus be somewhat greater than
that resulting from alternative (1), and the resistance would be greater.

3. No. 40 wire could be used, and by reducing the value of R the
exposed conductor length would be decreased, thus permitting use of the
square receiver surface. Change in resistance would be very slight,

4, No. 40 wire could be used, and by increasing wire spacing the
conductor length would be decreased. This would permit the use of the
square receiver surface and an equal or higher value of R. Resistance
would be decresased.

Alternative (2) was rejected tentatively because smaller wire
was not immediately available. Alternative (3) was rejected because
the output would be less than that resulting from the adoption of
alternative (1). Alternative (4) was rejected because of the
possible lose in efficiency due to departure from postulates (1)
end (2) and because resistance would be less than optimmum.

A coil constructed approximately according to alternative (1) and
mounted in the tubular housing of %;—1nch inside diameter had a measured

resigtance of 80 ohms. (The close agreement between this value and that
required for critical damping 1s purely coincidental.) It is worth
noting that this resistance is close to the maximun obtainable, without
sacrifice of efficiency, with silver—plated No. 40 constantan wire and
the glven receiver erea. The use of finer wire together with an equal
or larger value of R and equal.or closer spacing would result in
coneiderable increase of resistance and equal or greater efficlency;
wire much finer then No. 44 or No. 46 would, however, be mich more
troublesome to handle during febrication. A resistance ons—fourth as
great could be obtalned by connecting two halves of the thermoplle in
perellel, and intermediate values could be obteined by the use of this
connection together with finer wire and a larger value of R.
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The new thermopile had an irradistion—voltage constant of
7.9[?tu/(sq ft)(hr) /kmy) when mounted in the copper tube. This

value 1s compareble with a constant of 6.7 for the best of the previous
silver—constantan plated~type thermopiles used in the Spectroradiometric
Laboratory, which has a resistance of 267 ohms and requires a housing

of at least 3-inch Instde dlamster. Thus the new thermopile, by
comparison, produces 0.85 times the voltage at less than one—third the
resistance (hence 2.4 times the power) and will fit into a housing of
one-fourth the diameter.

It 18 interesting to estimaste the extent to which sensitivity
might be incressged by designing this thermopiles for operation in vacuum.
The value of f' due to radiation alone, would then be about 1l; or, if
the inside of the coll could be surfaced so as to have a very low )
emiseivity, this velue might possibly be reduced to 1/2. Since =
varies inversely with f', the power output might be increased by
some factor between 2.0 and 4.0, and the voltage, for fixed resistance,
by the square roots of these factors, or a value between 1.4t and 2.0.
These values sre much lower than those ususlly given in the literature
(ses, for example, reference 5) because of the shapes and dimensions
of the surfaces involved. Very small receivers (of the order
of 1 sq mm in area), and particularly the very fine wires generally
used In thermoplles of conventional type, have a very largs ratio of
power loss by convectlion to power lose by radlation. ' ' '

Comparison of Actual and Predicted Performance

A comparison of irrasdlation—voltage constants, obtained (1) by
megsurement of the electromotive forces resulting from exposure of
thermopiles to known irradiation and (2) by calculations for these
same thermopiles based on the expression derived for Jjunction tempera—
ture, will serve as a check of the applicability of the expression for
Junction temperature and of the postulstes on which its derivation 1is
based.

The irradiation—voltage constant K 3is glven by the following
expression:

K = — (ti:{“: %,2) [Btu/(hr)(sq ft)(-°F/ft):| /(mv)
where .
n number of thermocouples
c factor allowing for voltage reduction due to clrculating

currents in the plated conductor



e thermoelectric power of the two metals

(th 1~ th 2 temperature difference between hot and cold Junctions due to irradiation of
! ’ intensity G'

When c¢ 18 replaced by ITET?%-]_); (see appendix C), (t’h,l - th,z) by the right-hend side of

equation (1), and H in the latter expression by G'/Bf', the following expression is obtained:

_ a'en VR ‘sinh py — (cosh py — 1)coth p] + Einh ax — (cosh gx ~ 1)coth g] R =D
Bt VR coth p + coth g R~D +Ds

Wi

In applying this expression to particular thermopiles constructed of silver-plated No. 40 con-
stantan wire, the following values were used:

a' = 0.98 (estimated) k, = 13.1 Btu/(nr)(sq £t)(°F/rt)
£' = 2 (estimated) k, = 242 Btu/(hr)(sqg £t)(°F/ft)
8 = 0.62 D=1.0
B =2 e = 0.023 mv/°F (experimentally determined

with plated wire)

Values of R were computed from the ratios of actual thermopile resistances to those expected
in the absence of plating and the ratios of the measured lengths of plated and unplated

conductor. Values of w were determined by the setting of the coll~winding mechine, and

ST
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values of &, b, x,
of completed thermopiles.

17

and ¥y were obtained from cereful measurements

Four thermopiles, constructed as described in appendix E, were
subJected to the procedure outlined with the following results:

Com— Ratio com~
Thermo— w 8 b Observed
pile | B | (et) | B l(et) |(ee)l T | 7 P“;?d X gg::ivsg x
A. |164]0.000603{4.010.0125}0.09910.63[0.45| 2.64] 2.55 1.04
B 134 | .000603{9.1] .0125| .099| .63| .45{ 3.30] 3.53 93
c 234 | ,000703{8.8| .0087| .121| .75| .50] 1.94} 1.65 1.17
D 236 | .000703}7.%| .0087| .121} .75 .50| 1.81} 1.81 1.00

The rather good agreement between actual and predicted response constitutes
evidence of the epplicability of the formmlas developed, the postulates
mede, and the approximate correctness of the estimated value of £V,

CONCLUSIONS

The derivation and spplication of design criterions for efficlency
in thermopiles of the type in which parts of the conductors themselves
act as receivers have resulted in the construction of thermopile
radiometers which are more sultable for the study of problems involved
in sirplane cebin heating then those previously employed in the
Spectroradiometric Laboratory of the University of California,
advantages obtalned from smzller size and greater efficiency are
1llustrated by a sllver—constantan thermoplile mounted in a housing
having one—fourth the dismeter of that required for the older type and
providing nearly the same voltage output at one—third the resistance.

The

It is possible to obtain sbout 0.8 times the voltage at the same
resistance from a thermopile of the type analyzed in the present work
as from an ldeal thermopile, composed of the same thermoelectric
materials having receivers in contact with conductors at their Junctions.
The advantage in efficiency of the ldeal type can be expected to
diminish or to disappear in nonvacuum operation beceuse of loss of
heat from conductors by convection.
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The formula derlived in thls report for efficlency 1s applicable
to a wide varlety of constructions and should be of particular value
in cases in which, because of the number of Junctions required or for
other reasons, the fabrication of thermoplles of the Johansen type 1s

difficult or impossible.

Department of Englineering
University of California
Berkeley, Calif., November 2, 194k
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APPENDIX A
REVIEW OF LITERATURE ON RADIATION-MEASURING THERMOPILES

In view of the voluminous literature bearing on the design of
radiation-measuring thermopliles it is impossible for a short review
pertinent to the present investigation to be at all exhaustive; in
general, an attempt has been made to select contributions which appear
important with respect to soundness and clarity of analysis or to
basic innovation in theory or design. The literature first discussed
in this review deals with general considerations and wlth thermopiles
herein referred to as of the conventional type, that 1s, those in which
the recelvers of the radiation to be measured are distinct from the
thermoelectric leads and make thermal contact with them at only the
hot Junctions (uncompensated thermopiles) or at the hot and cold
Junctions (compensated thermopiles). The last part of the review deals
with radiation-measuring thermopiles of other types.

Johansen's early contributions (references 3 and 4) to the design
of vacuum—operated thermoplles are the basis of much later work. His
signiflcant conclusions with respect to obtaining maximum galvanometer
deflection may be stated as follows:

1. The conductors in uncompensated thermopiles should be designed
to extract the same quantity of heat from the receiver as
is lost by convection snd radiation.

2. The resistance of conductors between Junctions in compensated
thermoplles should be twice that in uncompensated thermo—
piles having the sams receiver area per hot Junction.

3. The load resistance (Thomson galvenomster) met equal that of
the thermopile.

k. The conductors between hot and cold Junctions should all have
the same ratio of thermal conductance to electrical
resistance .t

In arriving at these conclusions Johansen assumed that the _
"Beschaffenheit" "c" of the Thomson galveanometer was fixed but that
the resistance could be varied; in his nomenclature ¢ =-—2;—3 Jl being

2
J, G

lconditions (3) and (4) were actually set forth much earlier by
Lord Rayleigh (reference 16), who was concerned, however, with the
possible use of thermoplles to obtain electric power from a source of
heat and not for the measurement of radiation.
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3

the current required to produce l-millimeter deflection, G the
gelvanometer resistance, and hence leG the power supplied to the

galvanometer., This assumption of a fixed value of c¢ 18, then,
equivalent to stating that the value or measure of sensitivity of a
thermopile 1s the power that can be obtalned from 1t. It ls clear,
from Johensen's formulas, that the maximum power avallasble from a
thermopile of the type that he analyzed and of fixed receiver area
does not depend on the number of Junctions or on the corresponding
values of thermoplle resistance.

The concept of thermopile output in terms of power took on
additional significance when it was discovered, many years after the
publication of Johansen's work, that there is a theoretical minimum
of direct current detectable by a D'Arsonval galvanometer (reference 17)
or by any other means (reference 18) and that this limit, for a given
temperature and time of observation, depends only on the virtusl power
of the thermoplle or ganerative circuit, that is,

(Electromotive force)</Resistance, a quantity directly proportional

to the obtalinable power ou,tput.2 In order to approach the 1limit of
detection in practice, 1t is necessary, first, that all perturbations
be reduced to the same order of magnitude as those due to Brownlan
motion alone and second, that the very small deflections obtained be
magnified, optically or otherwise, so as to be observable. Ising
(reference 17) showed that Moll and Burger (reference 19) had attained
these very difficult condlitions, and later workers have reduced
Brownian perturbations as low or lower. (See, for example, reference 20.)
The very small deflectlons of the primary galvanometers in these
examples were magnified by elther a thermoelectric relay (reference 19)
or photoelectric relay (reference 20). Both iypes of relay are similar
in principle to the thermoelectric relay proposed by Wilson and Epps
(reference 21) in that a spot of light from the mirror of the primary
galvanomster falls on two adjacent and symmetrically disposed heat—
sensitive surfaces (or light—sensitive surfaces in the photoelectric
relays) the electrical circuits of which are connected, voltages in
opposition, to a secondary galvanometer.

It is deslrable to consider a system devised by Pfund called
resonence radiometry (reference 22), since its use requires special
properties in a thermopile — namely, rapid response and, in the case of
electronic amplification, power output at high ‘hermopile reslstance.

2When thls expression is applied to the case of a D'Arsonvel
galvanomster, the term “"resistance" should be taken to mean the _
resistance in the entire circult (thermopile plus galvanometer). There
appears, however, to be no theoretical limit to the extent to which
coll resistance in a good galvanometer of long period can be made
small in comparison with the extermal resistance required for critlical
damping; for any glven ratio of coll to thermoplle resistance, moreover,
the expression is still directly proportional to obtainabls power

output.
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In these resonance systems the thermopile is periodically shielded from ,
the radiation to be measured so that 1t produces an alternating voltage.
The slternating voltage is used to bulld up resonance In a tuned system
consisting, in Pfund's case, of an underdamped D'Arsonval galvenometer
commected by means of a photoelectric relay to another galvanomster,
also underdemped. As Czerny (reference 24), Van Isar (reference 25),
and Hardy (reference 20) have shown, this system in theory is less
efficient than that of a critically damped galvanometer connected to

a thermoplle subjected to uninterrupted irradiation, but in practice

is actually more efficient when a relatively long periocd — of the order
of 1 minute or more — is avallable for observation. Harris and Scholp
(reference 15) have applied the principle of resonance radiometry to
electronic amplification and were able to detect 10-8 volt at 2 cycles
per second. It must be emphasized thet electronic amplification does
not offer the possibility of lowering the theoretical 1limlt of power
detectable (see references 18, 26, and 27), but it may permit improve—
ment in stability, portability, ease of operation, and cost of
apparatus.

Several contributions have dealt with the design of thesrmopiles
to be used with particular galvanometers, particularly of the DYArsonval
type. Firestone (reference 5) showed that the conductor and receiver
relations developed by Johansen (references 3 and 4) are applicable
to the case of the thermopile connected to a D'Arsonval galvanometer,
and he developed formulas for computing optimm conductor resistances
and numbers of Junctions for conventional thermopiles of glven total
receiver area for the following cases: (1) a Thomson galvanomster of
glven resistance; (2) a D'Arsonval galvanomster requiring a given
resistance for perfect damping; and (3) a D'Arsonval galvanometer with
adjustable magnetic shunt. Cartwright (references 6, 8, and 28) covers
much the same ground and considers earefully the minimum radiant
energles detectable by various instrumenis. He also pays conslderabls
attention to the degree to which optimum efficlency ls approached with
thermopiles having less than the optimum number of Junctions. Notice
should be taken of the valuabls detalled information glven by
Cartwiight and Strong (reference 29) concerning methods of design and
construction of sensitive and quick-acting thermopiles and of properties
of materials avallable for use in thermopiles and auxilliary apparatus.
The performance curves glven toward the end of that article may be
mislsading in some instances since there must be a limitatlion, not
mentioned, with respect to galvanometer resistance (presumably to
15 ohms as in the curves of Cartwright, reference 6).

Neither Johansen nor Firestons consliders the effect on design of
the Peltier, Thomson, and Joule effects (see reference 30 for definition
of these terms). Altenklrch {reference 31) treats of these matters in

3It is worth noting in thls connection that direct—current voltages
can be converted to alternating-current voltages by the use of s .
commitator and with the Iintroduction of extraneous voltages no greater
than 5 x 10~ according to Gunn (reference 23).
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detall with respect to power production. The Thomson and Joule effects
are consldered by all workers to be negligible when temperature dif-
ferences are amall, as is the case with thermopiles used to measure
radiation. Coblenz (reference 32) studies the changes in the electro—
motive force of certaln thermopiles caused by the different Peltler
cooling when used on galvanometers having different resistances; he
found these changes to be negligible In the examples considered.
Cartwright allowed for the Peltier effect in equations descriptive of
the performance of conventional thermoplles and concluded that the
voltage correction was generally less than 10 percent in the case of

a properly constructed thermopile having bismuth~tin and bilsmuth
conductors with a thermoelectric power of 125 microvelts per degree
centigrade (reference 28) and about 1 percent for an iron—constantan
thermopile with thermoelectric power of about 56 microvolis per degree
centigrade (reference 6). In reference 6 a cut-end—try method for
determining design optima 1s proposed in which allowance 1s mede for
the Peltier effect. Such allowance, however, can result in only a
very slight incresse in sensitivity unless new thermoelectrlc materials
are discovered having considerably improved properties.

Altenkirch (reference 31) showed clearly, as might also have been
inferred from Rayleigh's equations, that the sultability of a pair of
thermoelectrlic materials, as far as their thermal and electrical
properties are concerned, 18 only a function of the thermoelectric
power of the combination and of the ratlio of the thermel and electrical
conductivities of each. High resistivities are, then, disadvantageous
in theory only because they are generally accompanled by marked
deviations from the Franz-Wiedemann law. Such deviations, asg well as
high resistivities, are both characterlstic of materials glving very
high thermoelectric power. (See references 33 and 3k4.,)

Considerable discussion has appeared in regard to recelver
coatings. Soot from burning oil and camphor is frequently used (see,
for example, reference 10), easily applied, and generelly considered
to be satisfactory. Pfund (references 35 and 36) found that greater
absorption over a wlder range could be obtained by the use of bismth
black evaporated from a hot filament in a partial vacuum. Other metals
may be used in a similar manner, as, for example, antimony (reference 13).
The heat capacity of the coatings mentioned mey be greater than that of
& very thin uncoated receiver; thus Firestons (reference 5) found that
quicker response was obtained when his recelvers were blackened with
"aquadag" instsad of soot, and Moll and Burger (reference 9) likewise
found scot inferior to an aqueous suspension of colloidal carbon, an
offect which has been attributed in part, however, to poor conductivity
of soot in vecuum {reference 10). Cartwright has polnted out that very
substantisl increases in sensitivity can be obtained by the use of
coatings having high absorptivity for the radlations to be measured
end low emissivity at the wavelengths characteristic of redliatlons at
recelver temperature. Platinum black, for example, which is highly
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absorbent in the visible range, 1s stated to have an emissivity of
only 0.25 or 0.20 (references 6 and 29) at long wavelengths.

Thermopiles operated in air present a somewhat different problem
from those operated in vacuum. Firestone (reference 5) suggests the
use of the same formmles with the introduction of a much larger value
of unit thermal conductance to allow for power lost from the receiver
surface by convection. Cartwright (reference 6), however, points out
that the power loss from the leads by convection may be as great as
that from the receiver so that the postulate on which the formulas
for vacuum thermoplles are based — that no power 1is lost from the
conductor surfaces — is not even approximately realized in practice.
This author introduces in his formilaes empirical expressions for unit
thermal conductance obtained from Warburg (reference 37) but makes the
somewhat dublious postulate that the temperature drop along the con—
ductors is linear with respect to distance. Collins (reference 38,
pp. 37-44), in his treatment of power loss by convection and radlation
from conductors in a thermopile of other than the conventional type,
postulates that the temperature drop with distance from the hot
Junction is the same as would occur in a conductor of infinite length;
the actual drop in a thermopile of good deslgn must be considerably
greater. The literature on heat loss from conductors in alr leaves
a good deal to be desired.

The efficiency, with respect to electrical energy produced by
irradiation of a glven intensity on a glven receliver area, of well
designed and constructed conventional thermopiles operated in vacuum
is not likely to be equeled or exceeded by thermopiles of radically
different type. Nevertheless, much attention has been devoted to
unconventional designs with, generally, one or more of the followling
aims: +to increase the number of Junctione possible and thus Ilncrease
the voltage response (at the expense of highsr internal resistance);
to decrease the time and ekill required for construction; or to
increase the rapldity of response., It is also possible that the
efficiency of unconventional thermopiles operated in alr might equal
or exceed that of conventional thermopiles under squivalent conditions.
In practically all thermopiles of unconventional type (but not that of
Gier and Boelter, reference 2) portions of the conductors act also as
recelvers.

Wilson and Epps (reference 21) in an early important contribution
of this nature, describe methods of constructing thermoplles by the
electrodeposition of one of the thermoelectric metale on the other.

By winding fine constantan wire 1in spaced colls of one layer and many
turns, partly immersing such colls in an electrolyte, and plating on
silver or copper, thermopiles were produced that have many Junctions
in series, the hot and’'cold Junctions being connected alternately by
unplated and plated constantan wire. Since the thermal and electrical
conductivities of the pleating were mmch greater than those of ths core,
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the plated wire responded very mach asg though the core were absent.
The authors made many experiments to determine the optimum thicknesses
of plating and lengths of plated and unplated conductors, but the
values obtalned appear to be not at all general in application.

The deposition technique, as epplied by Wilson and Epps, has
certain limitatione. For example, (1) some metals and alloys otherwise
deslrable from a thermoelectric standpoint cannot he readily plated;

(2) in order to avoid loss of voltage due to currents in the core of the
plated conductors, the sheath must have relatively high conductance

and hence be relatively thick; and (3) for equal lengthe of conductors
the ratios of thermal to electrical resistance cannot be made equal.
Among methods devised by later workers for removing one or more of
these disadventages is that of Kersten and Schaffert (reference 12).
The two thermoelectric metels were plated on different, but overlapping,
portions of s stainless-steel form and the plated metal stripped off.
In one instance & polished steel rod was plated on opposite, but
overlapping, sldes with different metals, the rod put in a lathe,

and a spiral cut made through the deposited metals. The long spiral
ribbon consisting of alternate lengths of the two metals was then
stripped off and wound on a form of appropriate dimensions. In

various trisls cobalt, nickel, copper, cadmium, iron, silver, and

brass were all plated and stripped successfully; when very thin sirips
were produced, they were strengthened with vernish before being stripped
and the varnish later removed with turpentine. Muller (reference -11)
produced thermocouples with alloyg of relatively high thermoelectric
power by plating very thin strips of electrolytically produced nickel
foll with copper on one end and chromium on the other and then holding
them at red heat until the plated metals diffused 1nto the nickel

core. It seems possible that this method could be appllied to the
production of multi junction thermopiles although thls apparently has
not been done.

A result somewhat simflar to Muller's 1s obtainable by a differsnt-
method devised by Moll as eerly, apparently, as 1913. (See references 9
and 39.) A strip of manganin and one of constantan are soldered
together with silver, edge to edge, and the Joined strips then rolled
out in the direction of the silver seasm. By cutting perpendicular to
the seam, a large number of thin thermocouples of eny deslred width
can be produced. An etching technique was used in some cases to produce
very minute Junctlons of desired shape.

Yery thin thermocouples and thermopiles can be produced by
sputtering or by evaporating in vacuum; for details, see references LO
to 42. The metals are usually precipitated on a thin nonmetallic film
the durabllity end heat capaclity of which are lmportant because 1lts
removal, as digcovered by Harris and Johnson (reference 43), is
sometimes impracticeble. These authors devised a method for making
filme composed partly of cellulose nitrate which are exceedingly thin
and at the same time surprisingly strong. Fllms 0.1 micron thick
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survived prolonged sputtering, whereas films 1 micron in thickness were
capable, according to the authors, of holding a vacuum over an area of

approximately 12 square millimeters. Improved specifications are glven
by Harris and Scholp (reference 15).

Burger and Van Cittert (reference 13) constructed a thermoelectric
relay by evaporation of bismith and antimony in films of 1 and 0.5 micron
thickness, respectively. The thermoslectric power was only 75 micro—
volte per degree centigrade as compared with an expected maximum
of 150; the low value was shown to be due to the orientation of the -
bismuth crystals. Johnson asnd Harris (reference L4i) using bisrmuth
films obtained by sputtering, found that the thermoelectric power
(egainst antimony)-depends on the thickness of the bismuth, amounting
to 73 microvolts per degres centigrade at 1 micron or thicker but
dropping to 30 microvolts at a thickness of 0.05 micron. These limi—
tations are unfortunate since other pure metels are not so favorable
as bismuth would be in the absence of the disadvantages mentioned, and
alloys are difficult to control in sputtering or evaporating. The
diffusion method of Miller (reference 1ll) might perhaps be applicable
for films which cen be self-supporting.

Harris (reference 7) worked out equations for tempersture of
sputtered thermoplles exposed to fluctuating radiation as a function
of distance from Junction and time. Harris and Scholp (reference 15)
measured redlastions with such thermopiles by 1lnterposing a shutter
between the source and the thermopile, connecting the thermoplle to
an elternating—current electronic amplifier, and measuring the
smplifier output by a direct—current microammeter in comnection with
a copper rectifier or commtator. In the sputtering of the metal
films in these thermopiles, the regions over which deposit was desired
were masked, and the circult was made zig—zag in shepe, so that all
cold Junctions were in one line and hot Junctions 1n another. The
distance between Junctions was mch greater than that which would give
maximum power output for a glven area irradleted, as evidenced by the
experimentel determinstion of the areas for which radiation was
effective. It would appear that many more Junctiones could have been
obtained in the same ares, and with greatly reduced resistance, by
placing 211 Junctions in one line and loeding the cold Junctions with
relatively thick deposits to minimize their temperature variation when
exposed to the fluctuating radlations. .

Most of the workers on unconventlonal thermopiles have made
calculations or experimental determinations with respect to speed of
response. Cartwright (reference 28) claimed a response of about
0.1 second in vacuum for a conventional thermopile, Moll and Burger
(reference 9) of 2 to 3 seconds in vacuum with thermocouples made of
thermofoll, and Jones (reference 10) claimed 99—percent response
in 0.08 second with thermocouples made of rolled and plated constantan
and operated in elr. In general, a quick response requires that the
ratio of the heat capacity of the system, the temperature of which is
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raised by the irradiation, to the rate of heat loss from this system
by conduction, convection, or radiation be smell (see, for example,
Cartwrlight, reference 6); a consequence of this condition is thet all
thermopiles and thermocouples respond more quickly when operated in
alr then in vacuum. A rough idea of the relatlive rapldity of response
of different thermopiles can be gained by comparison of recelver
thicknesses. Cartwright (reference 8) constructed conventional
thermopile receivers of gold leaf 0.1 micron in thickness, although
he and Strong later recommsend 0.5 micron (reference 29); Moll and
Burger (reference 9) made thermofoil 1 micron in thickness; Miller
(reference 11) claims to have reached the value of 0.1 micron when
the base metal wes flattened Wollaston wire; Kersten and Schaffert
(reference 12) were able to produce and wind coils of flattened
constantan 5 microns thick; Jones (reference 10) rolled constantan
wire to about 0.6 micron; and Johnson and Harris (reference Lh) mede
metal films at least as thin as 0.05 micron and supporting films
less than 0.1 micron, although the films of the thermopiles they
later used for making irradiation measurements were thicker. As
previously suggested, 1t i1s difficult to apply efficient radliation—
gbsorbing coatings with a heat capaclity not greater than that of
metallic £ilms of the thicknesses mentioned.

The work on radiation—messuring thermoplles may be briefly
summarized as follows: The theory has been well developed for
operation in vacuum of the conventional thermopiles in which receivers
meke thermal contact with the conductors at their Junctions. The theory
has not been very well developed for thermopiles of this type operated
in air. Although many unconventional thermopiles have been designed
and constructed, their theory of operation has been largely neglected
(except for the excellent work of Harris, reference 7), and apparently
no design criterions for obtaining high power efficiency are found in
the literature.
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APPENDIX B

DERIVATION OF EXFRESSIONS FOR COMPUTING JUNCTION TEMPERATURES

Definition of the System

The system analyzed is deflned by figures 1 and 2 and the
followlng postulates:

l. There 1& no temperaturs gradient within a conductor, or its
assoclated coating or binding materials, in a plane perpendicular to
the direction of length of this conductor.

2. Thermal conductlion parallel to the direction of length of the
conductors 1s solely through these conductors znd not through associated
binding or coating materials.

3. The individual thermocouples are placed or coiled side by side .
so that similar regions of the different thermocouples (and also
regions 2 and 2% of flg. 2) are adjacent to each other and exist at
the same temperature.

4. The Peltier, Thomson, and Joule effects are negligible (for
definitions of these effects, see refersence 30).

5. The thermopile is disposed in a housing (see fig. 4) the
temperature of which is uniform and the lnside surfaces of which have
an emissivity of 1.00 (ideal radiator).

6. The temperature of the alr surrounding the thermopile is
uni form.

T. In the case of the uncompensated thermoplile, the alr temperature,
thermocouple ends 1 and 2 (fig. 1), and the housing are all at the same.
temperature.

8. The temperature difference T — T, between any differential
area of thermopile surface dA and the housing 1s 2o small that the
substitution of th3(T —le) in place of Tu - Tlh in the expression

for net power exchange between the two by radiation introduces only a
negligible error.
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9. The average values of € and of f, for the surfaces of a

differential length of conductor, considered together with iis
aggoclated coating and binding materlials, are uniform over the entire

thermoplle and are independent of the tempera‘bures1 of the conductors
and. of the amblent air.

10. All parts of the thermopile surface, other than the front
surface of the receiver, exchange power by radlation with only the
inside surfaces of the housing; except that, in the compenseted thermo--
plile, there may be a uniform excess or deficlency of irradlation
resulting in a corresponding uniform excess or dsflciency of power o
absorption per unlit length of conductor over the entire thermoplle.

11. The front surface of the receiver exchanges power by radiation
only with the inslde surfaces of the housing and the housing openlng.

12. The front surface of the recelver 1s completely diffusing,
and the same fractlon FO ¢ -R of the radlant energy leaving any
part of it passes through the housing opening prior to any reflection.

13. All parts of the front surface of the receiver are irradlated
at equel intensity by radiant energy entering the housing opening.

14, A steady state of heat flow exists throughout the system;
that is, the temperatures are not a function of time.

l1The direct proportionality found to exlist between measured
irradiation and thermopile voltage 1s in agreement with the postulate
that the unit thermal conductance, as well as emissivity, is
independent of temperature over the ranges ordinarily encountered
in practice.

2The last condition is approximated in a compensated thermoplle
constructed according to the method described in appendix E in that
there is mitual exchenge of radiant power betwesen different parts of
the inside surface of the itrapezoidal coil which are not necessarily
at housing temperature., A deviation from the condition occurs in
that the selfirradistion of the inside coll surface 1s not quite
uniform, being greater on the cooler parts of the conductors end less
on the warmer parts. The effects of this nonuniformity are almost
the same as those which would result from a slightly increased
value of f°Y.
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Net Power Exchange from Radiomster Surfaces
by Raediation and Convection

The power lost by radiation by a differential length of conductor
may be expressed as follows:

[ccmBTlh + beowpTy 3(T - Tl)] dx = Gcw;s'rllL + hecmBTlBQ dx (B1)
(See postulates (5), (8), and (10).) The power lost by convection is

wBt, (¢ — t,) ax (B2)

The power gained by radiation by a differential length of conductor not
directly assoclated with receiver surface 1s

(B + edwﬁTlh) dx ' (B3)

The power gained by radiation by a differential length of conductor
that is directly assoclated with receiver surface may be expressed as
follows:

wB dx
X Area housing X Area receliver

4
B dx + ech FR «—h

+ abgw dx + echlll'w(l - 8) ax (B4)
(See postulates (11), (12), and (13).) But, by reciprocity law,

F. X Area housing = F X Area receiver

R€—h h<—R

Ke—R =1~ Foe—r
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(See postulate (11).) On msking these substitutions, expression (Bh)
becomes

B dx +echL‘(1 - Fye—p)¥8 dx + echhw(l - B) dx + aGyw dx  (B5)

The net power loss by radiation end convectlon by & differential length
of comductor not directly assoclated with recelver surface is then:

Expraossion (Bl) + Expression (B2) — Expression (B3)

=heowBTl3tdx+wﬁfc(t—ta dx — B dx

= @ech3 + fo)wBt dx — fowBt, dx — B dx (B6)

Similarly, net power loss by radiation and convection by a differential
length of conductor dirsectly associated with receiver surface is given
by:

Expression (Bl) + Expression (B2) — Expression (B5)

I
= €owpT) Foe g dXx — €0y w(l — B) dx — algw dx

+ (heovBTl3’c) ax + wﬁfc(t - ta) dx — B dx

= -—<(!GO == GO’ﬂT]lfFoé__];V dx + (LFGUT13 + f‘gwﬁt dx — chBta dx - B dx

= —G' dx + @eoTl3 + fCszﬁt dx - f,wBt, dx — B dx (BT)

Expression (B6) 1s the same as expression (B7) with G?
zero. lLet t, be the temperature at which, for G?Y

set equal to
exchange by radiation or convection occurs. Then:

= 0, no net

@»@:o"I‘l3 + fc)wBte dx = f‘cwﬁta dx + B dx



or

B
fcta + -y

heo’l‘l + F o

Expressions (B6) and (B7) may now be written:

OSHT "©N NI YOV

Not loss by radiation and convection from a differentisl length of conductor
' 3
= ~Gtw dx + (b = to) (heomy” + £ )8 dx

= Gtw ax + (b~ tp)vert ax (88)

-

where G' = 0 for portions of the conductor not directly assoclated wlth receiver surface. The
values of t, anmd B are zero, and hemce also that of +,, for the uncompensated thermopile.

(Bee postulates (7) and (10).) Constder now a differential length of uniformly irrediated
conductor, as shown in ths following sketch:

% %,

1€
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From equation (B8),

dq ) _
2ot~ (b - t,)vpe
but
dt q d 4%t
gt _ .4 89 | _xall
ax kA ax -
Therefc;re
a%t
—_ ] -—
SXxa) = [—uc + (6 te)wa]
a2

S LR (- )
=—maﬂ+m2(t—te)

= —mz(K + te) + m2t

where H = -B%-;- and m° = E—i—i—‘i This equation has the general solution:

t =..clem + Cze—mx + (E + ‘be) (B9)

When x =0,

and when x = 1,

tltz
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therefore

t0=cl+02+(ﬂ+te)

ty = Clemz + Cae-ml + (H + te)

From these two equations cen be obtained:’

t, = 1'.09_1'1z - (H + te) 4(1 - e—ml)
ml
- e

Cl = —ml

ml m]
. e ~ty - &+ t)(e —3>
2 ml _ _-ml

e (-]

From equation (B9),
at _ —mx mx
q = —kA& = kAm@ao - cle )

then,

dx=0 m@a - Cl)

ty cosh m? - t, — (E + t_)(cosh m? ~ 1)
= KAm[-2 2 ( 9) (B10)
sinh ml



"E

e—ml[tosml -ty - (H + te)(emz - l)] —ofil E"z - toeml - (H + te)(l - e—ml)]

oMé

. q_x=1 = kA.Il

— g i

kAmE?to ~ 2t; cosh ml + (F + ,)(2 cosh ml - 2)]
- 2 sinh ml

= ;IH!—IIEO - 1-.z cosh al + (I[ + te)(coah nl - l)] (B11)

Equations (B10) and (B1l) may be used to express the heat flow at the two ends of each of the
four conductor lengths of figure 1 (uncompensated thermocouple) or of the right-hand half of figure 2
(compensated thermocouple) by substituting t with appropriate subscripts in place of tp and ¢,

and by setting H = 0 . for the lengths at the extreme right and left. The flow at the right end of
the length from 1 to x mst equal the flow at the left-hand end of the next length; likewise the
flow at the right-hand end of the length from x to h mst equal the flow at the left—hend end
of the length from h +to y, and similarly for the two lengths meeting at y. By equating the
flovs at these three oross sections, three gimultansous equations can be obtained for

solving tys ty, and t’y In terms of the following: w, B, My, X, and y, values of which are

fixed by the unit thermal conductance and the conductivities and dimensions of the motals; H,
vhich involves the intensity of irradiation of the recelver; and ig, t3, and ts. It 1s

convenient to introduce the following new variebles:

OSHT *ON NI VOVN

) m
R=h23 from which can he cbtained m, = a
koA, e
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P = mbb
q = mya

The three simultaneous equations are, then:

(1)
ty —ty cosh g(1 —x) + tg|cosh q(i —x) -]Zl

sinh q(1 —x)

tx cosh xq — th ~ (H + te)(cosh xq — 1)
' ginh gx

(2)

tx — th cosh qx + (E + te)(cosh qx — 1)
sinh qx

ﬁl}‘h cosh py — ty — (H + te)(cosh Py — l?]
T sinh py T

(3)

ty — ty cosh py + (H + te)(cosh py — 1)
sinh py

ty cosh P(L=3) —tp — tg|cosh p(1 —y) —1]

sinh p(1 - y)

Solving these three equations simultansously gives the following result
for the hot Junction temperature Tty



(H + te)\fﬁ@inh py — (coth p)(cosh py — 1):' + (B + te)[sinh gx — (coth q)(cosh gx ~ l)] bl

t, = + Catq + Cptn
B \ffcothp+cothq 37 N
= ol + By + C3(ty —tg) + Cp(tp ~ ) (312)
where
\fﬁEamh py — (coth p)(cosh py — l)-_] + Eai.nh gx - (coth q) (cosh qx — l):]
m =
\/ﬁcoth p +coth g
c 1
3 =
sinh q(\fﬁ coth p + coth q)
and =
B
&
N ;
b= 0
sinh p (VR coth p + coth q) |-'
=
b3
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The value of 1t for the uncompensated thermocouple is obtained from
equation (B12) by setting:

(see postulate (7), appendix B) which glves:

ty = o Temperature difference be—
tween Junctions for uncom—
pensated thermopile

Equation (B12) also applies to the right—hand half of figure 2 for
the compensated thermopile, and also to the left half of this figure
by symmetry, provided H is set equal to zero. The term tp can

be used instead of t,' (expression (3)). This gives, then, the
following two simultaneous equations:

ty = afl + By + 03(1-,1 = o) *+ ch(t2 = %)

e

te + 03(t1-— te) + 04<£2 - te)
By subtracting, the following 1s obtained:

th - tc = wH [ Temperature difference be—
tween Junctions for compen-
sated thermopille

The temperature difference between junctions is therefore the same for
the compensated thermocouple of figure 2 as for the uncompensated

thermocouple of figure 1. In the case of the compensated thermocouple,
however, the temperature difference is independent of te and hencze of

the temperature of the ambient air and of any radiation resulting in a
power ebsorption that is uniform, per unit length of conductor, over
the entire thermopile.
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APPENDIX C

DERIVATION OF EXPRESSION FOR VOLTAGE LOSS DUE TO CURRENTS CIRCULATING

IK THE SHEATH AND CORE OF FLATED CONDUCTORS
The system analyzed 1s indicated by the following postulates and
sketch:

1. The thermoelectric power is uniform over the temperature range
involved

2. The sheath and core are uniform in cross section

3. The contact resistance between unit area of the core and
sheath lnterface 18 zero

x =0

// / / Shea.t}:////

VoL A

‘bh tc

Cross section of part length of 2 plated—type
thermopile conductor.

The voltage difference between the ends of an unplated section
can be only the resistance drop (Current X Resistance)

. Therefore,
an expression is obtained for the voltage difference between the ends
of a plated section. This difference 1s written as follows:

x=1

' (c1)
x=0
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Considering a differential length of conductor, the sum of voltages in
the follow!ing complete circuit must equel zero: core to sheath; along
sheath distance dx; sheath to core; back along core dlstance dx.
This circult 1s expressed diagrammatically and algebralcally as
follows:

(I - 1)Ry dx

eth Te(‘l:,x + dt)

IR, ds

ety — (I — 1)Rg dx — o(ty + dt) + 1R, dx = O
from which is obtalned:
e dt + [(I—i)RS—:L'Rc]dx=O

+1(Rc+Bs)ax;Idex=edt

x=1 R, x=1 te
_Rcf 1 dx = m —f IRS dx -—f e dt
x=0 x=0 b

RoRg 1T R
o ofelt _ Te (tn - to)e (c2)
R, + Ry Rg + Rg

The required voltage {expression (Cl)) is thus given by two terms on
the right-hani side of egquation (C2). The first of these is the drop
which would result from current I flowing through ths resistance
obtained by connecting the core and sheath in parallel — hence the
actual resistance of the plated section — and the second term 1s the



40 NACA TN No. 1k50

thermoelectric power mmltiplied by the temperature difference (as in an
ordinary thermocouple), multiplied in turn by the factor given below:

Factor allowlng for reduction in voltage R
due to currents circulating in the sheath = —S— (c3)
and core of a plated conductor R, + Rg

This factor may be expressed in terms of R, D, and s as follows:

Thermal conductance of)

Thermal conductance of sheath = (R — D) the duced cors

But:

. Thermal conductance of sheath/Electrical conductance of sheath
Thermal conductance of core/Electrical conductance of core

Thermal conductance (R = D)

Thermal coniuctance of sheath =
of unreduced core

Electrical conductance

of unreduced core

Electrical conductance of sheath = . (R - D)

therefore:

(Electrical resistanci)

Electrical resistance of sheath = of unre;uig%rcore
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Substituting in equation (C3) gives the following:

Factor allowing for reduction in voltage
due to currents circulating in the sheath =
ani core of a plated conductor R—-D + Ds

Tt should be noted that this expression does not include the
voltage loss due to reduction of the temperature difference between
Junctions caused by the Peltler effect of the circulating current.

This temperature reduction is, however, exceedingly small compared with
that due to heat conduction slong the plated conductor where R is
reasonebly large.
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APPENDIX D

COMPARATIVE EFFICIENCY OF THERMOPILES ANALYZED IN THIS REPORT
AND THERMOPILES OF THE JOHANSEN TYPE

The purpose of thlis appendix is to asceritain the degree to which
the power efficiency of thermoplles of the type analyzed in this report
approaches the theoretical maximwm. This maximum, it is postulated, is
that attained.in a thermopile of the type analyzed by Johansen
(refersnces 3 and 4), in which perfectly conducting recelvers make
contact with the thermoelectric wires only at thelr Junctions and in
which the wires lose no power by radlatlon or convection., It shoulil
be noted that in both systems the Peltier effect, as well as the
Thomson and Joule effects, 1s neglected. The comparison is made for a
single thermocouple of each type, and is based on the following
conditions:

1. The thermocouples compared are either both uncompensated. or
compensated

2. The areas of the front recelver surfaces are the same

3. The properties of the metals of one thermocouple are the same
a8 those of the other

4, The average unit thermal conductance for heat loss by radiation
and convection for both sides of the receiver of the
Johansen thermopile is equal to f' for the type analyzed
herein

5. A value of B =2 18 taken, which corresponds to the flat
receiver of the Johansen thermocouple

6. The power absorbed by the front surface of the recelver in
excess of that requlired to produce equality of Junction
temperatures, G' 1s the same for the two thermocouples

compared

7. The absorptivity o' 18 the same for the receifing surfaces
of the two thermocouples

Equation (2) is used as a measure of efficlency for the reasons
previously discussed. It is shown that equation (2), for a compensated
thermopile of the type treated in this report, can be expressed as In
equation (3b). The efriciency for an uncompensated couple is twice
this value since the resistance is half as great and the elsctromotive
force the same; multiplylng, therefore, the right-hand side of
equation (3b) by 2, and setting B = 2 (see condition (5)) gives:
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_ 2
1G'e™C

for an uncompensated thermocouple =& ap (D1)
of the type treated in thils report Ekafl

In the Johansen thermocouple:

Gt

Temperature of receiver = —=—0ur
pe 2(217)

(See condition (1), appendix A.) The electromotive force is e times
this value, or:

Electromotive force = Gle
Lft

The thermocouple resistance can be expressed as follows:

Thermocouple resistance = =4

where a and Db are the lengths of the two conductors, C, and C4
are the electrical conductivities of the two metals, and A, and
are the cross—sectional areas of the two conductors.

Making these substitutions in equation (2) and letting M represent
the area of the front surface of the receiver gives:

5 .
ﬁ(for an uncompensated Gtesg! (D2)

Johansen thermocouple) =
168724 2 +—bT
Cala Cehg

keCa

ska

But C,; 'can be replaced by
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Agke + Agks
a b

(see conmdition (1), appendix A); therefore M can be replaced
by 1/2f' mltiplied by the right—hand side of this expression. The
following also holds:

Aa.akaca. - Aszkscs

a.2 'b2

(see condition (L), appendix A); therefore

A

a ka.cs

2

o'l P

Ag\J ¥eCs

On making these successive substitutions in equation (D2), 2nd replacing
k C .

Eg-é-a— by & and its reciprocal by 1/s, equation (D2) becomes:

a’s

L} 1 ]
x(for an uncompensated \ _ Ge% Ca

(D3)
Johansen thermocouple 2
8e'k, (1 + \Ja)

The relative efficiency of the type of thermopile analyzed in this
report is then obtained by dividing the right-hand side of equation (p1)
by the right-hand side of eguation (D3):

Relative efficiency, compared _ 2
with Johsnsen thermopiles = kr (l + ‘FE) (Dk)

Since the computation of maximum T involves time—consuming trial—end—
error calculations, expression (D4) is evaluated for the conditions

(s = 0.62, D =1) for which such computation has already been made.
(See fig. 3.) After the appropriate substitutions are made, the
following is obtained for the cese in which R = 253
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5(0.049)(1 + V6.62)2 = 0.63

\V0.63 = 0.8

Relative efficiency

Relative voltage, for fixed reslstance

Operation of thermopiles in air, instead of In wvacuum, results In
an increase 1n the velue of f*. Since f' does not appear, directly
or indirectly, in equation (D4), the comparison is epplicable for
elther mode of operation, provided the postulates on which the
derivations of the efficiency expressions are based can still be
epproximated in practice. There 1s, however, one postulate which is
far from reslized 1n alir—operated thermoplles of the Johansen type -
namely, that of zeroc power loss by convection and radistion from the
conductors. Cartwright states (see reference 6) that more power may
be lost from the conductors by convection than from the recelver
itself. When this circumstence is taken into account, it seems
reasonable to conclude that with proper deslign there should be little
or no advantage in efficiency, for operation in air, of thermopiles
of the conventional type as compared with thermopiles in which parts
of the conductors act as receivers.
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APPENDIX E

METHOD USED FOR CONSTRUCTING SOME PLATED-

SILVER-CONSTANTAN THERMOPILES

Thermopiles of the type diagramed In figure 4 and described in
the text have been constructed in the following way:

Constantan wire (No. 40 B. & S. gage has generally been used in
this investigation) is wound closely spaced on two round rods supported
in a demountable freme, as illustrated in figure 5. These rods are
vitreous enameled, except near their ends, so thet in the subsequent
plating operation the wires will not become attached to the rods.
Previous to the winding, a long, narrow strip of metal foll 1s lightly
cemented to one of the rods; the wire is wound over this foil which
thus serves to short—circult all the turns. Thie short circulting
permits uniform plating of the different turns even though the plating
current is introduced through the ends of the constantan wires.

The optimum length of the unplated regions of the conductors is
relatively short for reasonsble values of R. A strip of tissue paper
of width equal to this length is cemented over the wires where they
are in contact with one of the rods and in such a position that it
also covers the strip of metal foil. It 1s worth while lacquering
unprotected metal surfaces of the frame before plating so as to limit
the silver deposit to the wires. The whole assembly 1s now washed
in a hot potassium-cyanide solution and then immersed in the plating
bath and the desired thickness of silver 1s applied; this thickness
is controlled_by fixing current and time.

After being washed and dried the assembly 1s soaked in acetone
and the strip of tissue paper removed. The wires are now to be cemented
together into a solid sheet except where they are near, or in contact
with, the supporting rods. Lacquer of phenol—fOrmaldehyde cement,
applied with a brush, has been found suitable for this purpose. It
mey be brushed on in a current of werm eir, or the lacquer may be
thickened first by leaving it for many days in en unstoppered bottle.
Additionsl strength is obtained by laying a few thin glass threads
perpendicular to the wires when the lacquer lIs agplied. The assembly,
after drying in air, is placed in an oven at 275  F for about 7 minutes;
this brief baking partly sets the lacquer but leaves it very flexible.
The enameled rods are now rotated, by means of pins inserted in the
holes at thelr ends, until the unlacquered portions of wire are free
and the lacquered portions are in contact with the rods. The strip
of foil, which generally steys with the wires rather than the rod, is
now removed and lscquer is applied to the free wires as before. The
coil is placed in the oven sgeain for 5 minutes.
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At this stage the frame 1s demounted 'and the coll, which becomes
approximately elliptical in cross section, is removed. Since the
lacquer is very flexible, the coll can easlly be pressed around metal
forms of appropriate dimensions into the desired trapezoidel shape.
The coll is next pleced in an oven for st least 20 minutes at 275° F.
The entire external surface is subsequently blackened by any of the
usual methods; for example, the coil is usually painted with a
suspension of lampblack in turpentine and subsequently sooted over a
flame. The completed thsrmopiles are attached to supports by human
halrs lightly cemented to the colls; these halrs should not, of course,
meke contact with the thermopiles near the conductor Junctions.
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APPENDIX F

GENERAL COMMENTS ON THE DESIGN OF THERMOPILE

RADIOMETER HOUSINGS

Some of the problems involved in housing design are presented in
this section, and some relatlions snd methods baslic to their solution
are discussed and 1llustrated.

An Ideal Housing

The conditions in the following list are proposed as characterizing
an l1desl housing. Although these conditions cannot be attained in
practice, the degrees to which they are approached — evaluated with
regpect to their desirability or necessity in the particular appli-—
cations intended -~ constitute criterions of success in housing deslgn.

1. An ideal housing shields the thermopile from radiation
originating outside the housing except for the exposure of the receiver
to the radiation that it is desired to measure; the latter, however,
can be selected by the housing only with respect to direction of
propagatlon and location in space or to criterions of equivalent
meaning.

2. The rediation entering the opening of an ideal housing and
incident upon the receiver during measurement 1s the same as that
existing in the absence of the radiometer end 1s similarly located wlth
respect to direction of propagation and position in space.

3. An ideal housing irradiates the thermoplle uwniformly from all
directions except for the irradiation of the receiver surface from the
direction of the housing opening or from the directlion of a lens or
reflector that may be mounted within the housing.

4, The irradiation of the thermopile from the inside surfece of an
ideal housing 1s constant with respect to time.

5. An ideel housing of a thermoplile operated in air protects the
thermopile from movements of air originating outside the housing.

6. An ideal housing of a thermopile operated in air maintains the
air surrounding the thermoplle at a constant and uniform temperature.

1The limite of receiver'sensitivity-aisé plaée certain restrictiona-
on the specification of radlation than can be measured.
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Materials of Construction

Conditions (3), (4), and (6) require for their ealization a
uniform and constant temperature of the housing, or at least of that
part of it Immedlately surrounding the thermopile.

In a2 housing exposed to nomuniformity of ailr temperature or of
irradiation, as is often necessary under conditions of use, there will
be at equilibrium & transfer of power by ccnduction from regions of
greater absorption to reglions of lesser absorption. The magnitudes
of the consequent temperature differences willl be inversely related,
for glven conditions and housing dimensions, to the thermal con-—
ductivity k of the housing material. Such conductivity should
therefore be high. It is possible, however, to compensate within
limits for a deficiency of conductivity by increase of housing-wall
thickness, provided the thickness is small with respect to housing radius
80 that such increase will have relatively little effect on over—ell
outside housing dimensions.

Alteration of thermal enviromment, often unadvoidable in practice,
may result in a net exchange of power between a housing and its
surroundings and a consequent shift in average temperature of the
housing as a whole. The time required for the attainment of near
equilibrium in this respect for housings of substantial construction
is likely to be very great, and it is usually important, therefore,
that the thermopile be ussble during a period of such shift. Such use
is facilitated if the rate of shift 1s low, and since this rate, for
given conditions and housing dimensions, 18 inversely related to the
heat capacity per unit volume CpY of the housing material, it is

generally desirable that such capacity be large. It is possible,
however, to compensate for deficiency in heat capacity by increase
of wall thickness under the conditions described in the preceding

paragraph.

When measurement of irradiation is based on thermopile output
and housing temperature, any nonuniformlity of the temperature will
result in errors of unknown magnitude. It is therefore desirable in
such cases that a state of uniformity be approasched as rapidly as
possible on removal of circumstances producing a temperature difference.
The rate of approach to uniformity, for given conditions and housing
dimensions, increases with increased diffusivity k/bpy of the housing

material.
It appears, then, that high conductivity, high heat capacity,

and high diffusivity are generally advantageous, although the relative
desirability of each depends on other features of radiometer design



end on the manner of use. The values of these properties of some metals which are, or might be

considered to bs, suitable for housings are listed below:

7

k

(Eih?{) ((hr)(aq ?'%)(%F/fta | _ (

Silver 658

Copper 556

Alvuminum 170

Hamesiilsun 109
>-percent copper

Brass . vercent zinc) 546

Iron 495

b2
224
117

92

170
39

0%

cp7‘ Cy

i) (D)

37 6
52 4
3 3
27 3
46 1

% L]

It will be noted 'that silver is best with respect to diffusivity and conductivity; ite use 1s often
to be preferred aside from the matter of cost. Copper has a higher heat capacity and a nearly squal
conductivity, end ita diffusivity is about two—thirds that of silver; copper may be rated, therefore,

from nearly aas good as silver to, ln some applications, possibly better.

Aluminum, however, is mach

lighter and has a diffusivity nearly equal to, and a conductivity not much lese than, that of copper.
The hesat capacity of aluminum is somewhat less, but this may frequently be compensated for by the use

of thicker walls without eliminating 1ts advantage in weight.
to alumimum in diffusivity and will weigh leas for a cross-sectional area providing squal conductance;
its heat capacity for a given weight 1s also slightly greater.
the necessary thickness of wall does not contribute too large a proportion of the over-all outslde

housing dimensions or is not otherwise obJectionable, aluminum may be considered supsrior to copper,
and magnesium to aluminum. The use of brass cannot be justified, and the use of iron or steel could

be consldsred desirable only from the standpoint of cost.

Thersfore, in thoge ceses 1n which

Magneaium, in turn, ie slightly superlor

1
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Properties of Housing Surfaces

The external surfaces of a housing should have a high reflectivity
for any irradiation the temporal or spacial nonuniformity of which
might ceause local or extensive temperature changes in conflict with
condition (3), (&), or (6). Polished gold plate has excellent o
reflectivity for the longer wavelengths, such as are characteristic of
thermally produced radiation emitted by materials at temperatures
below that of incandescence; the most commonly used polished metals,
such as chromium and nickel plate, aluminum, and freshly polished
copper or brass, are also quite highly reflective for radiation of this
character. When variable heating effecte of radiation of shorter wave—
length are likely to be of lmportance, a8 in cases of exposure to
direct sunlight, a careful comparison should be made of the reflec-—
tivities to such radiation of the verious metallic, a&s well as of
nonmetallic, coatings available.

A reflective coating on the front surfaces of any baffles that
may be provided in a housing between the opening and the receiver
surface will tend to divert incildent radiation and consequent heating
toward the front part of the housing, if not actually through the
housing opening, thus providing partial protection from uneven heating
for that part of the housing immediately surrounding the thermopile.

An approach to conditioms (1), (2), (3), and (4) is facilitated
by a high absorptivity of all inside surfaces of the housing except
the front surface of the baffles and, of course, also any reflectors
that may be used to concentrate the ensrgy to be measured onto the
receiver surface. The application of a flat black paint followed by
sooting over a flame of Diesel oil resultis in a highly ebsorbent
surface. A previous scoring of the inside surfaces, as by the cutting
of threads 1f the inside is circular in cross section, helps to ensure
an absorptivity closely approaching 1.00.

Geomstry of Housing

The problems of size and shape are exceedingly various, and
depend largely on the applications for which a given radiometer is
intended. In general, small over-all dimsnsions greatly facllitate
an approach to uniformity of housing temperature, and a small inside
dismeter and the use of baffles should assist in an approach to
conditions (5) and (6). The possibility exists of using spaced
double or triple walls in order to approach condition (3) more closely
with a lighter housing.

The following simple geomstrical problem is presented as
11llustrative of the many that arlse in particular applications: A
simple cylindrical housing, having an opening of which the diamester P
is fixed by other conslderations, is to be used with a thermopile



52 NACA TN No. 1450

having a flat receiver of fixed shape and of perfect diffusivity. The
radistion measured is to be limited to that the direction of which
(postulating straight~line propagation) forms an angle of 6 or leas
with any intersecting line parallel to the housing axis. The receiver
is postulated to "view" through the opening a diffuse source of uniform
intensity. This situation is disgramed in the following sketch of

the radiometer:

p—— g ———
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P proviously determined diamster of housling opening

T twice the greatest distance from the center of the recelver to
its periphery — the diagonal in case the recelver ls square or
rectangular in shape

Q distance from plane of housing opening to interaection of
construction lines making angle 6 with housing axis

Q@ +R dilstance from receiver to plane of housing opening

Given these conditions the following question may be asksd: What value
of R+ Q will permit maximum thermopile output?

The recelver must be at least Q distance from the openlng, or
1t will intercept rediation having directions of propagation forming
angles with lines parallel to the axis of the radiometer greater than 6.
For the same reason the receiver area mst be included within the
construction lines shown making angle ., 6 with the housing. Since the
power input avallable for producing thermopile output is egual to
receiver area multiplied by the irradiation G' (see appendix G) and
efficisency is proportional to G' (see equation (3a)), the output is

proportional to (Receiver area) X (G')e. The irradiation G! is
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proportiocnal to the shape modulus of the opening to the receiver. If

R + Q is large compared with P, as will be the case 1f 6 is fairly
small, the shape modulus of the opening to all parts of the receiver will
be almost equal to that at the center of the receiver. This Ffactor

P2/k

(see reference 38, p. 15) is The irradiation G' may

1-D)_T+ (R+Q)2

then be taken as epproximately proportional‘to:

P2

;r52-+(R+Q)2

Since receiver area for fixed shape is proportional to the square of
any linear dimension, 1t 1s proportional to T2, The thermopile
output is therefore proportional, to a first approximation, to:

reph

2.
[-1%2- + (R + Q)Z:I

T -PR
Q

but

Therefore, output 1s approximately proportional to:

P6 x R2
2
2
QzE‘%- + (R + Q)a]

with R the variable. In order that this expression may be a maximmm,
R

mst be a maximum. When ite derivative, with respect

)
I’Tq-(n-pq)2

to R, 1s set equal to zero, the following is obtained:
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%? +R2 4+ RQ + Q% ~2R(R+ Q) =0

from which:

Therefore:
R =24 B2
L

and hence:

2
T = P\{1 + 2—5
\I bq

Since P2/h will be small compared with Q° when 6 is small,
it may be concluded that, under the conditions mentioned, ths meximm
radius of the recelver should be Just slightly greater than the radius
of the housing opening, and the distance from the receiver to the
plane of the housing opening must then be slightly more than twice
the distance from the latter to a point on the housing axis for which
the radius of the opening subtends the limiting angle 6, If the
maximum opening possible in g simple hollow cylinder 1s to be realized,
then the thermopile receiver should be Just as large as can be
accommodated inside the cylinder and the distance from the plane of

the opening should be (1 + % g cot é).
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APPENDIX G
SYMBOLS

a total length (uncompensated thermocouple) or half length
(compensated thermocouple) of one conductor — the unplated
conductor in plated—type construction, ft; as subscript,
refers to one of the thermoelectric metale ~ the metal of
the unplated conductor in plated—type construction - or to
the conductor composed of this metel

A cross—sectional area of wire, sgq ft

b total length (uncompensated thermocouple) or half length
(compensated thermocouple) of one conductor — the plated
conductor 1n plated—type construction, ft; as subscript,
refers to one of the conductors, the plated condustor in
plated—type construction

B difference between power actually absorbed per unit length
of conductor of a compensated thermopile and power that would
be absorbed 1If all parts of thermopile surface, except front
surface of receiver, exchanged power by radistion with only
thermopile housing (Bee appendix B, postulate (10)),
Btu/(hr)(ft)

c proportion to which thermopile voltage is reduzed in plated
construction because of circulating currents in core and plate
of plated conductor; as subscript, refers to core of platad

conductor

cp - specific heat at constant pressure, Btu/(1b/°F)

c electrical conductivity, ohms/(sq ft/ft)

D ratio of cross—sectional area of core of plated conductor to
cross—sectional srea of unplated conductor; D = O expresses
the situation corresponding to unplated construction

e thermoelectric power, mv/CF

fo unit thermal conductance due to heat transfer by convection

averaged around or on both sides of a condustor (together with
assoclated binding or coating materiasl) (see appendix B,
postulate (9))
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(}c + heoTl%); increase in power loss by convection and

radiant emission, per unit area of thermoplle surfacse,
resulting from unit rise of temperature, Btu/(hr)(sq £t)}(°F)

shape modulus, used wilth subscripts. (The shape modulus of
ons surface to another 1s the fraction the denominator of
which 18 the radiant power that would be emitted by the first
surface were it at uniform temperature, of uniform emissivity,
and perfect diffusivity, and the numerator of which is the
amount of this power reasching the second surface prior to
reflection and in the absence of any intervening absorbing
medium. )

shape modulus, front surface of receiver to Iinside surface of
housing (see definition of F)

shape modulus, inside surface of housing to front surface of
receiver (see definition of F)

shape modulus, front surface of recelver to opening in
housing (see definition of F)

irradiation of back side of receiver element, Btu/(hr)(sq ft)

irradiation of front side of element, Btu/(hr)(sq ft)

part of G, coming through the opening in housing,
Btu/(hr)(sq ft)

by, :
(&GO -er ¢ RT11>’ difference between irradiation absorbed

per unit area of recelver surface and that absorbsd per unit
area of all other thermopile surfaces; it is, therefore, the
irradlation effective in producing a temperature difference
between hot and cold Junctions, Btu/(hr)(sq ft)

G*/Br'; rise in temperature that would result from
irradiation G!' in an irradiated length of conductor 1f the
latter were thermally nonconducting in the direction of 1ts
length. The actual rise due to G' 1is less and, at the
Junction, 1s o times H,

total current

current through core at any distance x from end of plated
section

thermal conductivity, Btu/(hr)(sq £t)(°F/ft)
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K

mv

_ h
constant in equation G, =K{mv) + Foe—gTy +
Btu/(hr)(sq £t){(°F/ft)

length of uniformly irradiated strip

: o
\,%—, 1/ft (Subscripts of m, k, and A are to be the
same . )

slectromotive force, millivolts

area of front surface of receiver in thermocouple of
Johansen type, sq ft

number of Junctions in a thermopile

mbb
mea; with subscript, heat flow, Btu/hr

%,

E_K—’ ratio of thermal conductance per unit length of

conductors of one type (the plated conductor in plated—type
thermopiles) to that of conductors of other type

resistance of core of plated conductor per unit length,
ohms /f+

resistance of deposited metal of plated comductor per unit
length, ohms/ft

s/ka

Ca/Ca’
two thermoelectric metals to quotient of their electrical
conductivities. As subscript, refers to one of the thermo—

electric metals, the deposited metal of the plated conductor
in pleted—type construction

Fotgy +(B ?
; temperature difference between differential

3
hGOTl + f

ratio of quotlent of thermal conductivities of <the

length of conductor and housing at which there is no net
power exchange by rediation and convection, combined, between
the surface of this length of conductor and the surroundings
except, in the case of the receiver surface only, for the
absorption of irradiation G'. For the uncompensated
thermopile t, =0, B =0, and hence ty =0, OF.
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difference between temperature of air surrounding thermopile
and that of housing, °OF

difference between temperature of differential length of
conductor or fin at regions which may be indicated by
subscripts and that of housing and (in the case of the
uncompensated thermopile) ambient alr,

absolute tempersture of difterential length of conductor, °r
absolute tempsrature of housing

width of receiver area associated with a single conductor, ft

fraction of length a irradieted (also used to represent
distance in ft)

Traction of length b 1rradiated

ty/@ or (Fh,l - th,a)/H

total distance, in plane perpendiculer to length of a con—
ductor, along surfaces of this conductor (together with its
assoclated binding or coating material) from which heat is
lost by convection and radiation, all divided by term w

absorptivity of thermopile receiver to that part of the
radlation felling on it which comes in the housing opening

average emlssivity of different sldes of & conductor with
respect to radlation produced by an ideal radiator at
receiver temperature (see appendix B, postulate (9))

ebsorptivity of the thermoplle receiver to radiastion from
the source of Interest

Stefan-Boltzmenn radiation constant, Btu/(hr)(sq ft)(oR)h

term directly proporticnal to efficlency of thermoplle
(See equations (2) and (3a).)

term directly proportional to efficlency of thermopile
(See equations (3a) and (3b).)

specific weight, 1lb/cu ft



NACA TN No. 1450 _ 59

2.

REFERENCES

- Boelter, L. M. K., Bromberg, R., Gier, J. T., and Dempster, E. R.:

An Investigation of Alrcraft Heaters. XXV — Use of the Thermo—
pile Radiometer. NACA ARR No. 5Al3, 1945.

Gier, J. T., and Boelter, L. M. K.: The Silver—-Constantan Plated
Thermopile. Temperature, Its Measurement and Control in Science
and Industry. Am. Inet. of Phys., Reinhold Pub. Co-.

(New York), 1941, pp. 1284-12g2.

. dJohansen, E. S.: Uber die Vakuumthermosdule als Strahlungsmesser.

Ann. der Phys. Bd. 33, Heft 3, Sept. 1910, pp. 517-536.

- Johansen, E. S.: Notliz Uber die Konstrucktion empfindlicher

Thermos&ullen. Physikalische Zeitschr. Bd. 1k, Heft 15,
Oct. 1913, pp. 998-1000.

- Firestone, F. A.: Radiation Thermopile Deslign. Rev. Sci. Imstr.,

vol. 1, no. 11, Nov. 1930, pp. 630-649.

Cartwright, C. H.: Uber die Empfindlichkeit von Thermosiulen,
Mikroradiometern und Bolometern. Zeitschr. f. Phys. Bd. 92,
Heft 3 and 4, 1934, pp. 153-171.

Harris, L.: Thermocouples for the Measurement of Small Intensities
of Radiatlion. Phys. Rev., ser. 2, vol. 45, no. 9, May 1934,
Pp. 635—-611-0. .

Cartwright, C. H.: General Theory, Design, and Construction of
Sensitive Thermopiles. Rev. Sci. Imstr., vol. 1, no. 10,
Oct. 1930, pp. 592-60k.

Moll, W. J. H:, and Burger, H. C.: A New Vacuum Thermoelement.
Phil. Mag., vol. 50, no. 297, Sept. 1925, pp. 618-622.

Jones, R. V.: Radiation Thermopiles of Quick Response. Jour. Sci.
Instr., vol. 14, no. 3, March 1937, pp. 83-89.

Miller, C.: Neue Strahlungsmessgerdte Thermoslemente von
gestelgerter Empfindlichkelt und Einstellschnelligkeit.
Naturwiss. Bd. 19, Heft 20, May 1931, pp. 416-41g9.

Kersten, H., and Schaffert, Roland: Construction of Thermo—
elements by Electro-deposition. Rev. Sci. Instr., vol. 3,

no. 4, April 1932, pp. 189-195.



60

13.

1k,

15.

16b

17.

18.

19.

20.

2.

22.

23.

2k,

25.

26.

NACA TN No. 1450

Burger, H. C., and van Cittert, P. H.: Die Herstellung von
Wismut-Antimon Vakuumthermoelementen durch Verdampfung.
Zeitschr. f£. Phys. Bd. 66, Heft 3 and 4, Nov. 1930, pp. 210-217.

Johnson, Ellis A., and Harris, ILouis: The Technique of Sputtering
Sensitive Thermocouples. Rev. Sci. Instr., vol. 5, no. 4,

April 1934, pp. 153-158.

Harris, Louls, and Scholp, Alvin C.: The Response of Sputtered
Thermocouples to Interrupted Radlation. dJour. Optical Soc.
Am., vol. 30, no. 11, Nov. 1940, pp. 519-522.

Reyleigh, Lord: On the Thermodynemic Efficiency of the Thermopile.
Phil. Mag., ser. 5, vol. 20, no. 125, Oct. 1885, pp. 361-363.

Ising, Gustaf: A Natural Limit for the Sensibllity of
Galvanometers. Phil. Mag., ser, T, vol. 1, no. 4, April 1926,
pp. 827-834.

Zernike, F.: Die natiirliche Beobachtungsgrenze der Stromstérke .
Zeitschr. f. Phys. Bd. 40, Heft 8, Dec. 1926, pp. 636-638.

Moll, W. J. H., and Burger, H. C.: The Sensitivity of a
Galvanometer and Its Amplification. Phil. Msg., ser. 6,
vol. 50, no. 297, Sept. 1925, pp. 626-631.

Herdy, J. D.: Note on the Resonance Radiometer. Rev. Sci. Instr.,
vol. 5, no.'3, March 1934, pp. 120-12k.

Wilson, Wm. Hamilton,and Epps, Miss T. D.: The Construction of
Thermocouples by Deposition. Phys. Soc. London, Proc., vol. 32,
1920, pp. 326-340.

Pfund, A. H.: Resonance Radiometry. Sei., vol. 69, no. 1777,
J&no 1929’ ppo 71-72- .

Gunn, Ross: Some Experiments on the Amplification of Thermocoupls
Electromotive Forces. Rev, Sci. Instr., vol. 9, no. 9,
Sept. 1938, pp. 267-269.

Czerny, M.: Uber die Brownshe Molekularbewegung also Grenze der
Messteknik. Ann. d. Phys., Folge 5, Bd. 12, Heft 8, Mar. 1932,
pp. 993-1010. .

Van Lear, G. A.: The Brownlan Motion of the Resonance Radiometer.
Rev. Sci. Instr., vol. 4, no, 1, Jan. 1933, pp. 21-27.

Johnson, J. B.: Thermel Agitation of Electricity in Conductors.
Phys. Rev., vol. 32, no. 1, July 1928, pp. 97-109.



NACA TN No. 1450 61

27.

28.

30.

31.

32-

33.

3&.

35.

36.

37.

38.

39.

Lo,

Nyquist, H.: Thermal Agitation of Electric Charge in Conductors.
Phys. Rev., vol. 32, no. 1, July 1928, pp. 110-113.

Cartwright, C. H.: Natural Observation Limit of Radiometric
!‘bas.urements. Physo, "'Ol. 1, no. h” octo 1931’ pp. 211—229.

Cartwright, C. Hawley,and Strong, John: Vacuum Thermopiles and
the Measurement of Radiant Energy. Ch. VIII, pp. 305340 of
Procedures in Experimental Physics by John Strong et al.
Prentice-Hall, Inc. {New York), 1939.

Hume-Rothery, W.: The Mstallic State. Oxford Univ. Press (London),
1931, pp. 95-98.

Altenkirch, von Edmmnd: Uber den Nutzeffect der Thermossule. Fhys.
Zeitschr. Bd. 1k, Heft 16, Aug. 1909, pp. 560-568.

Coblentz, W. W.: Instruments and Methods Used in Radlometry.
U. S. Bur. Stendards, Bull. 4, 1908, pp. 391-460.

Cartwright, C. H.: Wiedemann-Franzsche Zahl Warmeleitfihigkeit
und. thermoelectrische Kraft von Tellur. Ann. 4. Phys., Folge 5,
Bd. 6, Heft 6, Nov. 1933, pp. 656-678.

Certwright, C. H., and Haberfeld-Schwartz, M.: On Some Electron
Properties of Tellurium and Wilson's Mschanism of Semi-—
Conductivity. Roy. Soc. London, Proc.., sern A, vol. 118, no. 865,
Feb. 1935, pp. 648-66k.

Pfund, A. H.: Bismuth Black and Its Applications. Rev. Scli.
Instr., vol. 1, no. 7, July 1930, pp. 397-399.

Pfund, A. H.: The Blackening of Radiometers. Chap. VI, pp. 210-21L,
of Measuremsnt of Radiant Energy, W. E. Forsythe, ed., McGraw-Hill
Book Co., Inc., 1937.

Werburg, Emil Gabriel: fver W'a‘.rmeieitung und andere zusglelchende.
J. Springer (Berlin), 1924, pp. 106.

Boelter, L. M. K., Cherry, V. H., and Jolmson, H. A.: Heat
Transfer, Supplementery Notes. Third ed., Univ. of Calif. Fress
(Berkeley, Calif.), igh2. Contribution by A. R. Collins: Steady
State Thermoplle Performence, ch. XVIII.

Moll, W. J. E.: A Thermopile for Measuring Radiation. London
Phys. Soc., Proc. vol. 35, 1923, pp. 257-260.

Cartwright, C. Hawley: Notes on the Evaporation of Ag, Be, Cr,
end Si. Rev. Sei. Instr., vol. 3, no. 6, June, 1932, pp. 298-30h4.



62

k1,

L2,

L3,

bk,

NACA TN No. 1450

O'Bryan, H. M.: Evaporation Technique for Highly Refractory
Substances., Rev. Sci. Instr., vol. 5, no. 3, March 1934,
pp. 125-126.

Caldwell, Wallace C.: The Evaporation of Molten Metals from Hot
Filaments. Jour. Appl. Phys., vol. 12, no. 11, Nov. 194l,
pp. T79-781.

Harris, L., and Johnson, E. A.: The Production of Strong
Cellulose Acetate Films. Rev. Sci. Inastr., vol. 4, no. 8,
Aug. 1933, pp. W54-455. '

Johnson, E. A., and Earris, Louis: Thermoelectric Force on Thin
Films, Phys. Rev., ser. 2, vol. k4, no. 11, Dec. 1933,

PP. Shh-OL5.



NACA TN No. 1450 63

e——@Q

><—'b——>}
<—xo—>hyb—ﬁ

: ’
Y
ot t, ty o

Figure 1.- Uncompensated thermocouple.
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Figure 2.- Compensated thermocouple.

aandb Length (uncompensated thermocouple) or half lengths (com-
. pensated thermocouple) of the thermoelectric conductors.
If conductor b is of plated construction, its core and
conductor a are composed of the same metal.

xa or yb Portion of length of conductor, or of coating or binding
materials intimately associated with it, that is exposed to
the radiation to be measured.

W Width or portion of perimeter of each conductor, or of
coating or binding materials intimately associated with it,
that is exposed to the radiation to be measured. Then
w(xa +yb) is receiver area per couple.

t Temperature difference between conductors and housing at
the cross sections indicated by the subscripts. In the case
of the uncompensated thermocouple it is also the temperature
difference between the conductors and ambient air (see
appendix B, postulate (7)); t2 = t,' (see appendix B,

2
postulate (3)).
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(For definition of symbols, see appendix G.)
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a half length of unplated conductor
b half length of plated conductor

xa length of unplated conductor, and associated plastic and absorbent
coating, exposed to radiation from outside the housing

yb length of plated conductor, and associated plastic and absorbent
coating, exposed to radiation from outside the housing

Figure 4.- Cross section of housing and end view of a
compensated thermopile.
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a End pieces

b Rotatable rods, vitreous enameled except at ends and bearing _
surfaces

¢ Rod holding end pieces in position
d Screws clamping rod c¢ to end pieces -

e Start of coil of constantan wire - to continue to near end piece

Figure 5.- Sketch of fixture used in constructing thermopile.




